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We analyzed Escherichia coli strains isolated from dogs with urinary tract infections (UTIs) in an attempt to
determine if any of these strains were similar to E. coli isolated from humans with UTIs. Using genotypic and
phenotypic traits, we identified four canine and six human E. coli UTI isolates that all appeared to be closely
related or identical. All isolates shared similar DNA sequences for pyelonephritis-associated pili (pap),
a-hemolysin (hly), and insertion sequence 5 (IS5), on the basis of Southern blot analysis. Similar outer
membrane protein, pilin, and plasmid profiles were obtained for each of the isolates, although minor
heterogeneity was observed. All of these. isolates expressed a neuraminidase-sensitive binding phenotype in
contrast to the majority of human isolates, which are known to express an adhesin that recognizes terminal
digalactoside residues. Taken together, these results suggest that similar E. coli uropathogens may be capable
of infecting both dogs and humans. To determine if the intestinal tracts of dogs were a reservoir for
uropathogenic E. coli, eight paired rectal and urine pap* E. coli strains were cultured from dogs with UTIs.
By using the same genotypic and phenotypic criteria described above as a basis for strain identity, seven of eight
urine-rectal pairs showed intrapair identity. However, each urine-rectal pair displayed a unique overall profile
and could be distinguished from the other pairs. We conclude that the uropathogen colonizing the bladders of

dogs can also be the predominant strain colonizing the intestinal tracts.

Escherichia coli is the major causative agent of urinary
tract infections (UTIs) in both humans (1) and dogs (25). It
has been hypothesized that the major reservoir for uro-
pathogenic E. coli in humans is the large intestine (46) and
that colonization of the vaginal introitus via fecal contami-
nation may precede infection of the bladder (11, 44). It is
now clear that at least some uropathogenic E. coli strains
express gene products that appear to be directly involved in
the colonization of the urinary tract. These gene products,
which include an adhesin and a pilus, are encoded by the
pyelonephritis-associated gene (pap) cluster (32, 33). Most
uropathogenic E. coli strains containing a pap operon ex-
press an adhesin (P adhesin) directed against the digalacto-
side portion of globoside (36), although specificities to gly-
cophorin (45) and sialic acids (22, 30) have been described.
At least 90% of pyelonephritogenic E. coli strains contain
pap, whereas E. coli strains isolated from women without
prior UTIs carry pap at a lower frequency (36). By using a
mouse model, two research groups have obtained evidence
that indicates that the P adhesin facilitates the colonization
of the renal pelvis leading to pyelonephritis (15, 34).

Although uropathogenic E. coli strains that cause human
UTIs have been the subjects of intense analysis, E. coli
strains causing canine UTIs have only recently been studied.
Westerlund et al. (49) analyzed 33 E. coli UTI isolates from
dogs and concluded that the expression of P adhesin and
a-hemolysin might contribute to virulence (49). In this
paper, we present data showing that many E. coli UTI
isolates from dogs contain genes homologous to pap and to
the genes encoding a-hemolysin (hly), as evidenced by DNA
hybridization. We show that the chromosomal locations of
pap and, to a lesser extent, hly and IS5 (insertion sequence
5) are highly variable, which provides a means by which to
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compare different E. coli strains. Using this genetic analysis
in combination with phenotypic markers, such as the plas-
mid profile, outer membrane protein (OMP) profile, and
binding specificity, we have constructed a fingerprint for E.
coli isolated from dogs and humans with UTIs. Our results
indicate that closely related or identical E. coli strains can be
isolated from both canine and human patients with UTIs. We
also present evidence that suggests that dogs can be intesti-
nally colonized with the same pap™ E. coli strains that infect
their urinary tracts.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli isolates
from the urine samples of women with cystitis and from the
stool samples of women without a history of previous UTI
were a gift from Tom Stamey, Stanford University, Stan-
ford, Calif. (44).

E. coli strains were isolated from the urine samples of
canine patients at the Veterinary Medical Teaching Hospital,
University of California, Davis. Urine specimens were col-
lected from dogs by antepubic cystocentesis (24). Rectal E.
coli isolates were collected by first cleansing the anal region
and then inserting cotton-tipped swabs 3 to 4 in. (1 in. = 2.54
cm) into the rectum. Swabs were streaked onto MacConkey
agar plates and incubated in air at 37°C. Bacteria were
identified as E. coli by standard methods (8).

Paired urine and rectal E. coli isolates were obtained from
20 dogs. Dogs admitted to the Veterinary Medical Teaching
Hospital were routinely screened by bacterial culture of
urine samples and antepubic aspiration for UTI. Rectal
isolates were collected from each of these dogs as described
above. For each dog, an E. coli isolate from the urine sample
and an isolate from the rectum were analyzed. Seven paired
E. coli isolates, including pairs 3, 4, 5, and 7, were from male
dogs, and the other pairs were from female dogs. Normal
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fecal isolates (total, 54) from dogs without prior UTI history
were collected as described above. All specimens were
collected from dogs residing in California, except that the
pair 2 samples were from an Oregon dog. All E. coli strains
were stored lyophilized in 20% skim milk or were frozen at
—70°C in 30% glycerol-Luria-Bertani broth (LB broth) (29).

Hemolysin, P adhesin, and serotype. Hemolysin activity
was determined by plating bacteria onto CM-55 blood agar
base medium (Oxoid Ltd., London, England) containing 5%
sterile defibrinated sheep blood (26). P-adhesin activity was
determined as described previously (26) with P-latex bead
agglutination. O serotypes were determined as described
previously (13) with antisera obtained from R. A. Wilson,
Pennsylvania State University, University Park.

OMP profile. Outer membranes were isolated by the
method of Achtman et al. (2), based on the Sarkosyl-
insoluble nature of most outer membrane proteins. Briefly,
bacteria were harvested from LB broth cultures (100 ml
each) at a density of 4 x 10® cells per ml, rinsed once by
centrifugation in 10 mM Tris hydrochloride (pH 8.0), and
sonicated with a microprobe (model W-220F sonicator;
Ultrasonics Inc.). Cell breakage was efficient only if the
bacteria were harvested at or below a density of 4 X 108 cells
per ml. Whole cells were removed by centrifugation (1,000 X
g for 20 min at 4°C), and the supernatant solutions were
transferred to centrifuge tubes (model 339574; Beckman
Instruments, Inc., Fullerton, Calif.). Membranes were col-
lected by centrifugation at 23,800 rpm for 60 min (4°C) with
a Ty6S rotor in a Beckman L8-80 ultracentrifuge. Pellets
were suspended in 150 ul of water and extracted with
Sarkosyl as described previously (2). OMPs were analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis with 10% acrylamide-4% urea gels. Proteins were de-
tected by using Coomassie brilliant blue staining (42). On the
basis of the number and size of the OMPs, each OMP profile
was given a class designation. Analysis of 26 E, coli UTI
isolates from dogs and five E. coli UTI isolates from humans
(see Fig. 2 and 4) showed that each isolate could be assigned
to one of six different OMP classes (classes I through VI).

Pilin immunoblotting analysis. Bacteria were serially pas-
saged on LB agar medium before analysis. Bacterial colonies
were harvested with wooden toothpicks and suspended
directly in 2X Laemmli sample buffer (23), and the bacterial
suspensions were immediately boiled for 10 min. After
centrifugation for 5 min at 16,000 X g, 30 pl of supernatant
solution (derived from about 10® bacteria) from each tube
was loaded onto two 12% acrylamide gels run in parallel, and
proteins were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. After electrophoresis, one
gel was stained with Coomassie brilliant blue to visualize
protein molecular weight standards (LMW standards; Bio-
Rad Laboratories, Richmond, Calif.). Pilin proteins were
visualized by immunoblotting as follows. Proteins were
electrophoretically transferred to nitrocellulose filters as
previously described (27). Filters were first rinsed in TSEN
buffer (50 mM Tris hydrochloride [pH 7.5], 0.15 M NaCl,
0.1% [vol/vol] Nonidet P-40, 0.5 mM EDTA) and then rinsed
with TSEN buffer containing 2% (wt/vol) bovine serum
albumin (fraction V). Nitrocellulose filters were then ex-
posed to anti-pili antiserum (1:500 to 1:1,000 dilution) in
TSEN buffer-1% bovine serum albumin overnight at 25°C
with rocking. The antiserum used in these experiments was
raised in rabbits to pili isolated from strain HB101(pHU845)
(35). The pHUB845 plasmid contains a pap gene cluster from
the E. coli pyelonephritis isolate J96. Pili were purified as
described previously (35). Filters were rinsed in TSEN
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buffer, incubated with '*’I-protein A (Amersham Corp.,
Arlington Heights, Ill.) for 2 h at 25°C, rinsed again in TSEN
buffer, and exposed to XAR-S film (Eastman Kodak Co.,
Rochester, N.Y.).

Slide hemagglutination. Bacteria were harvested from
tryptic soy agar (TSA) plates and suspended in phosphate-
buffered saline (PBS) (50 mM sodium phosphate [pH 7.4],
0.1 M NaCl) containing 2% (wt/vol) a-methylmannoside
(eMM) to an optical density at 550 nm of 1.5. Bacterial
suspensions (2.5 pl) were mixed with type A human eryth-
rocytes (RBCs) (2.5 wl of a 10% suspension in PBS) and PBS
containing aMM (45 wl) and placed on a ringed slide at 4°C.
After 0.5 to 1 min of slow rocking, slides were read for
hemagglutination. Hemagglutination in the presence of man-
nose (denoted as mannose-resistant hemagglutination) is
used to distinguish type 1 adhesin, which causes a mannose-
sensitive hemagglutination (16), from other adhesins that do
not recognize a mannose-containing receptor.

Microwell hemagglutination. Bacterial suspensions (op-
tical density at 550 nm of 1.5; 50 ul [see above]) were serially
diluted into U-shaped-bottom microtiter wells (Dynatech,
Inc., Chantilly, Va) by using MM (25 pl, 2%) as the diluent.
oMM (22.5 pl, 2% in PBS) and RBCs (2.5 ul of 5% RBCs in
2% oMM and 1% bovine serum albumin [fraction V]) were
added to each well. After the plates were covered and the
suspensions were mixed by gentle agitation, the plates were
incubated at 4°C overnight before observation for hemagglu-
tination.

Inhibitors. Sialic acid residues were removed from human
RBCs by addition of neuraminidase (from Vibrio cholerae;
Calbiochem-Behring, La Jolla, Calif.) (0.2 U/ml) for 2 h at
37°C. Neuraminidase-treated RBCs were stored at 4°C and
used within 1 day of preparation. Fetuin (type III), asialofe-
tuin, colominic acid, N-acetylneuramin-lactose, and N-
acetylneuraminic acid were from Sigma Chemical Co., St.
Louis, Mo.

Plasmid analysis. Plasmids were isolated by an alkaline
lysis method developed by Portnoy and Falkow (38). A
single bacterial colony was inoculated into 2 ml of LB broth
and incubated on a tube roller apparatus (New Brunswick
Scientific Co., Inc., Edison, N.J.) overnight at 37°C. Bacte-
rial cells were rinsed once by centrifugation (3,000 x g, 10
min) in S0 mM Tris hydrochloride (pH 8.0)-10 mM EDTA
and resuspended in 40 pl of this same buffer. Lysis buffer (50
mM Tris hydrochloride [pH 12.42], 10 mM EDTA, 4%
sodium dodecyl sulfate) was added to each tube (0.6 ml per
tube). After mixing by inversion, tubes were incubated at
37°C for 20 min. Neutralization was effected by the addition
of 40 pl of 2 M Tris hydrochloride (pH 7.0). After a 5-min
incubation at 22°C, 5 M NaCl was added (160 pl) and tubes
were incubated for an additional hour at 4°C. Tubes were
then centrifuged for 10 min in an Eppendorf 5414 centrifuge
(16,000 x g), and plasmid DNA was precipitated from the
supernatant fraction by the addition of isopropanol (0.55 ml
per tube). Plasmid DNA was analyzed by electrophoresis
with 0.7% agarose gels in Tris borate buffer (24).

Preparation of DNA probes. Four DNA fragments were
used in this study (Fig. 1). DNA restriction fragments were
separated on agarose and polyacrylamide gels as described
previously (28). Specific DNA fragments were isolated and
purified by electroelution and labeled with 3?P by nick
translation with [*2P]JdCTP as previously described (39).

Two a-hemolysin (hly) DN A fragments, both derived from
plasmid pSF4000 (48), were used in Southern DNA hybrid-
ization analyses. The 6.1-kilobase-pair (kb) Aval DNA frag-
ment contained most of the region required for Hly expres-
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FIG. 1. DNA fragments used as probes for identification of pap, hly, and 1S5. DNA fragments from each of the plasmids shown were
isolated and labeled with [**P]deoxynucleotide triphosphates as described in Materials and Methods. These labeled DNA fragments were used
as DNA hybridization probes for both Southern (43) and colony (14) DNA blotting as described in Materials and Methods. The genes are
shown below the fragments, and the restriction endonuclease recognition sites are shown above the fragments. Abbreviations: E, EcoRI; Bg,

Bglll; H, Hindlll; C, Clal; S, Sall; P, Pstl: A, Aval.

sion (hlyDBAC [10]). The 2.2-kb Pst1 DNA fragment (hlyDB)
contained portions of AlyB and hlyD (10). Both /hly DNA
probes were internal to the genes required for hemolysin
expression.

The 0.94-kb EcoRI-Bglll DNA restriction fragment from
plasmid pMN4 (12) was used as a DNA probe for detection
of insertion sequence S (IS5). This DNA restriction fragment
spans most of the 1,195-base-pair IS5 element.

The 9-kb EcoRI DNA fragment from pDAL201B (27) was
used to detect DNA sequences which share homology with
pap. This DNA fragment contains almost all of the pap
operon from the pyelonephritis strain C1212 (27). This DNA
fragment confers a pilus-positive, P-adhesin-positive pheno-
type to E. coli HB101. The latter strain does not express pili
or P adhesin (18).

DNA hybridization. Chromosomal DNA was isolated as
previously described (18). Following cesium chloride gradi-
ent centrifugation (28), DNA samples were dialyzed against
TE buffer (10 mM Tris hydrochloride [pH 8.0]-1 mM EDTA)
before digestion with restriction endonuclease HindIII.
DNA restriction fragments were separated by electrophore-
sis on 0.7% agarose gels in 0.04 M Tris acetate-1 mM EDTA
buffer. DNA hybridizations were performed by the method

of Southern (43) with aminophenylthioether cellulose (41)
and nitrocellulose filters (Schleicher & Schuell, Inc., Keene,
N.H.). Initial Southern blot analysis with the pap DNA
probe was performed by using 17 E. coli isolates from human
patients with UTIs (6 strains were P adhesin positive: 11
strains were mannose-resistant hemagglutination positive
and P adhesin negative) and 26 E. coli isolates from canine
patients with UTIs (2 strains were P adhesin positive; 24
strains were mannose-resistant hemagglutination positive
and P adhesin negative). Colony DNA hybridization was
performed as described previously (14, 26).

RESULTS

Comparative analysis of E. coli strains causing canine and
human UTIs. (i) Southern DNA hybridization. Previous stud-
ies have shown that most pyelonephritogenic E. coli strains
isolated from humans contain the DNA sequences for pyelo-
nephritis-associated pili (pap) and hemolysin (hly) (36). To
determine if E. coli isolates from dogs also contained pap
and hly DNA sequences, strains were tested by colony DNA
hybridization with both pap-21 and hlyDBAC DNA probes
(Fig. 1). The frequencies of carriage of either hly or pap in E.
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FIG. 2. Summary of genotypic and phenotypic analyses of uro-
pathogenic E. coli isolated from dogs and humans. The source of
each E. coli isolate (human or dog) is shown at the top, along with
the number of isolates (shown in parentheses), each obtained from a
different patient, expressing the same genotypic and phenotypic
traits. The top three panels show the results of Southern blot
analyses of the E. coli isolates. The DNA probe used is shown at the
right, and the sizes of the DNA fragments (in kilobase pairs [KB],
logarithmic scale) hybridizing to each probe are shown at the left.
The X indicates that the DNA fragment hybridized with both the
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TABLE 1. Frequency of carriage of pap and hly DNA sequences
in E. coli from different sources*

No. of E. coli isolates (%) carrying
sequence(s) from dogs

Genotype
With UTIs Without UTIs
(n = 108) (n = 54)
pap™ 46 (43) 6 (11)
hly* 62 (57) 6 (11)
pap* hly* 45 (42) 4(7)

“ The pap-21 and hlyDBAC DNA probes (Fig. 1) were used in colony DNA
hybridization experiments as described in Materials and Methods to deter-
mine the frequency of carriage of pap and hly in E. coli isolates from dogs.

coli isolated from dogs with UTIs were four- to fivefold
higher than those in dogs without UTIs (Table 1). Most of
the E. coli strains containing pap (45 of 46 strains) also
contained hly DNA sequences. These data are comparable
with results obtained with E. coli isolates from humans with
UTIs (20, 26, 36).

One question that these data raise is whether the higher
incidence of pap and hly from canine patients with UTIs was
due to repeated reisolation of identical E. coli strains.
Analysis of eight urine-rectal paired E. coli isolates (see
below) and four additional UTI isolates (all serotype O6
[data not shown]) with pap, hly, and IS5 DNA probes and
plasmid profiles indicated that all of the isolates, with the
exception of urine-rectal pair 2R, were strains distinct from
one another. Analysis of 11 of the normal fecal E. coli strains
by plasmid profiles showed that only two of the isolates
shared similar profiles. One of these isolates was pap™, and
the other was pap™ hly* (data not shown). Although these
strains represented only a portion of the total strains ana-
lyzed, the results suggest that the increased incidence of pap
and hly in UTI isolates from dogs was not solely due to
reisolation of a very limited number of E. coli clonal vari-
ants.

DNA sequences from pap, hly, and insertion sequence 5
(IS5) were used to compare the genetic relatedness of E. coli
strains isolated from canine and human patients with UTIs.
Both pap (18) and hly (31, 47) appear to be located on the
bacterial chromosome in human UTI strains. All of the
strains used in the present study contained chromosomally
located pap and hly (data not shown). Normally, most
chromosomal DNA sequences would not be useful for strain
comparison, because their chromosomal locations are rela-
tively constant. However, the chromosomal locations of the
three DNA sequences that we analyzed were highly variable
(see below) and thus provided us with a means of comparing
different isolates. Southern DNA hybridization results with
four canine and six human E. coli UTI isolates are shown in

hlyDBAC and hlyDB DNA probes. The fourth panel shows the sizes
(in kilodaltons [KD]) of the major OMPs obtained from each of the
E. coli isolates. Each of the OMP profiles was given a class
designation as described in Materials and Methods. The fifth and
sixth panels show the sizes of plasmids (in kilobase pairs) and pilin
monomers (in kilodaltons), obtained from each E. coli isolate as
described in Materials and Methods. A dash indicates that plasmids
were not detected. The seventh panel shows that the binding
specificity (BINDING SPEC.) of each E. coli isolate was neuramin-
idase sensitive (NS) (pretreatment of human RBCs with neuramin-
idase abolished agglutination). The bottom panel shows the O
serotype of each E. coli isolate.
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Fig. 2. These strains were chosen for further analysis after
initial Southern blot screening of pap* E. coli isolates from
26 canine and 17 human patients with UTIs (see above). All
of the strains contained two common DNA fragments that
hybridized with pap. Additional pap DN A sequences (one or
two) were found in four of the strains analyzed.

All of the strains contained the same four DNA restriction
fragments that hybridized to the #lyDBAC probe. These four
DNA fragments appeared to be shared by almost all of the
UTI strains isolated from dogs that we analyzed in this study
(see Fig. 4, hly DNA probe panel). To help determine what
these four DNA sequences represented, we used a smaller
hly DNA fragment from one end of hly (hlyDB [Fig. 1]) as a
DNA probe. As depicted by the X in Fig. 2, this DNA probe
hybridized only to the two smaller DNA fragments. These
results suggested that the two smaller DNA fragments were
adjoining and located at one end of hly. One of these DNA
fragments should be completely internal to hly, whereas the
other fragment would be expected to span the junction of Aly
and the bordering DNA sequence up to the first HindIIl
recognition site outside Aly. Thus, the four HindlIl DNA
fragments hybridizing to the hlvDBAC probe probably rep-
resented one hly DNA sequence that contained three inter-
nal HindIII recognition sites. None of the strains contained
any additional hly sequences.

Two DNA fragments hybridizing to the IS5 DNA probe
were detected in all but two of the E. coli isolates. The latter
two isolates, both from humans, had the smaller (7.5-kb)
DNA fragment. One of these isolates contained an additional
DNA fragment (17.5 kb) hybridizing to the IS5 DNA probe.
It seems likely that each band represented a different IS5
sequence, since HindIIl, which was used in these experi-
ments to digest chromosomal DNA, does not cleave within
IS5 (9).

(ii) OMP profiles. Outer membranes were isolated from
each of the strains as described above, and OMPs were
analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
tophoresis (Fig. 3C). This type of analysis has been shown to
be useful in distinguishing different bacterial clonal types
which are defined as bacterial strains that are linearly
descended from a common progenitor cell (2, 3). On the
basis of the molecular masses of OMPs, OMP profiles were
assigned to each bacterial isolate (Fig. 2). Nine of the
isolates displayed the same OMP profile, whereas one of the
strains expressed an additional OMP of 39 kilodaltons (kDa).

(iii) Plasmid profiles, pilin profiles, and O serotype. Further
analysis of the paired E. coli strains was done by isolating
plasmids from each strain and comparing their molecular
weights. Although many plasmids lack the stability of chro-
mosomal markers, they can provide important information
about strain relatedness (19). All but one isolate contained a
plasmid of 59.5 kb. One isolate contained an additional
plasmid of 57 kb.

Although a number of distinct pili immunotypes have been
described (35, 37), antisera raised against pili from the
pyelonephritogenic strain J96 cross-reacts with many dif-
ferent Pap pili (35). We used this antisera in immunoblotting
experiments to determine the size(s) of pilin monomers
expressed by each E. coli strain. All isolates expressed an
18.7-kDa pilin monomer.

All of the E. coli isolates were identified as O serotype 6
(Fig. 2).

(iv) Binding specificities. In addition to encoding pilin
monomers, the pap gene cluster also encodes separate gene
products required for adhesion to epithelial cells (32, 33).
Most pap-containing uropathogenic E. coli strains isolated
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from humans bind to the terminal digalactoside residues of
the P blood group antigen (21, 36). However, although all of
the 10 human and canine E. coli isolates (Fig. 2) agglutinated
human RBCs in the presence of mannose, none of them
agglutinated P latex (see above). These results indicated that
these E. coli expressed an adhesin that did not recognize the
P (Gal-Gal) receptor.

To determine if neuraminic acid was a component of the
receptor, human RBCs were treated with neuraminidase.
This treatment abolished hemagglutination by all of these E.
coli strains (Fig. 2). However, addition of either fetuin (final
concentration, 10 mg/ml), a;-acid glycoprotein (2 mg/ml),
colominic acid (4 mg/ml), N-acetylneuramin-lactose (2 mg/
ml), or N-acetylneuraminic acid (2 mg/ml) did not block
hemagglutination (results not shown). Together, these re-
sults indicated that the adhesin of these strains recognized
sialic acid complexed with additional unknown moieties. We
have designated this binding as neuraminidase sensitive (NS
[Fig. 2]). These results also suggested that the adhesin
specificity of these strains was different from the a-sialyl-B-
2,3-galactosyl-specific adhesin (S adhesin) previously de-
scribed (22, 30), since both fetuin and orosomucoid effec-
tively inhibit hemagglutination by S adhesin (30) but not the
NS adhesin described here. However, our results need to be
cautiously interpreted, since we have not yet studied the
binding properties of the purified NS adhesin or the genes
that encode this adhesin.

Together, these results showed that the four E. coli UTI
isolates from dogs and six E. coli UTI isolates from humans
shared a number of genotypic and phenotypic properties.
One of the E. coli isolates from humans appeared to be
identical to the four canine isolates by all of the criteria used
for analysis.

Comparative analysis of E. coli strains isolated from the
urine and rectal samples of dogs with UTIs. (i) Southern DNA
hybridization. It is commonly assumed that intestinal colo-
nization by E. coli precedes UTI. This assumption is based
on the fact that E. coli makes up a portion of normal gut
flora, and the predominant E. coli causing UTIs in humans
are of the same serotype as normal fecal E. coli (40, 46). To
determine if canine patients with UTIs were intestinally
colonized with the same E. coli causing their UTIs, we
analyzed paired urine-rectal E. coli isolates obtained from
dogs with UTIs. As shown below, the variability in chromo-
somal location of pap was an essential part of the fingerprint
made for each E. coli strain. This limited us to analyzing
urine-rectal paired isolates that were both pap™*. The pap-21
DNA probe hybridized to both isolates of 9 of the 20 paired
urine-rectal E. coli strains analyzed: both isolates of eight
pairs were negative for hybridization. The results for pap-21
probe hybridization were mixed for 3 of the 20 pairs (1
isolate positive and 1 isolate negative); these urine and rectal
isolates were presumed to be different strains of E. coli,
since pap has a chromosomal location (see reference 18 and
below) and should not be easily lost from an isolate as might
occur if pap was plasmid borne. Eight of the nine pap*
paired rectal and urine strains were chosen for the detailed
genotypic and phenotypic analysis described below.

Southern DNA hybridization results with four paired
urine-rectal E. coli isolates are shown in Fig. 3. Hybridiza-
tion with the pap-21 DNA probe (panel A) showed that the
chromosomal location of pap was different for each of the
four paired strain sets yet appeared identical for each urine-
rectal pair. Analysis with the hlyDBAC DNA probe (panel B)
showed that pair 6 lacked any DNA sequences homologous
to hlv. The other three pairs probed with h/lyDBAC DNA
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FIG. 3. Southern blot and OMP analyses of paired urine (U) and
rectal (R) E. coli isolates from dogs. (A and B) Chromosomal DNA
from E. coli paired isolates 5, 6, 7, and 8 was isolated and digested
with restriction endonuclease HindlIl. DNA fragments were sepa-
rated by electrophoresis on 0.7% agarose gels and transferred to
nitrocellulose paper as described in Materials and Methods. DNA
hybridization and autoradiography with 3?P-labeled pap (A) and hly
(B) DNA fragments (see Fig. 1) was carried out as described above.
The arrows on the left show DNA size standards of (bottom to top)
2.0, 2.3, 4.3, 6.7, 9.5, and 23.7 kilobases (kb) in size. (C) Outer
membranes from E. coli paired isolates 5, 6, 7, and 8 were prepared,
and OMPs were analyzed on 10% polyacrylamide-4 M urea gels as
described in Materials and Methods. Proteins were visualized by
Coomassie brilliant blue staining.

showed identical intrapair but different interpair hybridiza-
tion patterns.

DNA hybridization results for all eight paired isolates,
including results obtained using the IS5 DNA probe, are
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FIG. 4. Summary of genotypic and phenotypic analyses of
paired urine (U) and rectal (R) E. coli isolates from dogs. The panels
are similar to those in Fig. 2. In the second panel (hly DNA probe),
the DNA fragment hybridized only with the hlyDBAC probe (®); the
DNA fragment hybridized with both the hlyDBAC and hlyDB DNA
probes (X). A dash indicates that the particular phenotype analyzed
(the presence of plasmids, pilin monomers, or adhesins) was not
detected. In the bottom panel (BINDING SPEC.), P signifies
binding to the P blood group antigen, specifically to terminal Gal-Gal
residues (see the text).
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summarized in Fig. 4. In seven of the eight paired isolates,
the urine and rectal paired strains appeared identical with all
three DNA probes with two notable exceptions. The urine
isolate of pair 1 lacked one of the two bands present in the
rectal isolate of pair 1 after hybridization with the IS5 DNA
probe (Fig. 4). The pair 8 urine and rectal isolates appeared
identical, except that one additional DNA fragment with
homology to pap was observed for the urine isolate (Fig. 3
and 4).

The urine and rectal isolates from one of the eight pairs
(pair 2) were distinct from each other, on the basis of pap-21
and IS5 DNA probe hybridization (Fig. 4). In addition,
OMP, plasmid, and pilin profiles were also different between
the urine and rectal isolates of pair 2 (see below). Interest-
ingly, the rectal isolate of pair 2 and urine and rectal isolates
of pair 4 appeared to be similar on the basis of pap, hly, and
IS5 DNA hybridization analyses. Also, these isolates shared
common OMP and plasmid profiles (see Fig. 4 and below).

Seven of the eight pairs contained hly DNA sequences. All
but one of these pairs shared four common DNA fragments
that hybridized with the hlyDBAC DNA probe (pair 7 lacked
the 7.5-kb DNA fragment). Some E. coli isolates contained
two additional DNA fragments that hybridized to the hly-
DBAC probe (pair 2, 3, 4, 7, and 8). Pairs 2, 4, and 8
appeared to contain the same two additional DNA frag-
ments. In each pair, one of these DNA fragments hybridized
to the hlyDB probe (Fig. 4). Thus, it seems likely that the
additional two DNA fragments represented another hly
DNA sequence in the chromosome. In the E. coli strains that
contained two hly DNA sequences, both DNA sequences
appeared to contain the same three internal HindIII recog-
nition sites, since additional DNA fragments hybridizing to
the hly DNA probe were not found.

(ii) OMP profiles. Four different OMP patterns were seen
for the eight paired isolates. The same seven paired urine-
rectal isolates that appeared similar by DNA hybridization
(above) displayed similar OMP profiles (Fig. 3C and 4).

(iii) Plasmid and pilin profiles. Six of the eight pairs
contained a large plasmid (58 to 62 kb), whereas no plasmids
were isolated from pair 3. Again, the same seven paired
strains that displayed similar DNA hybridization and OMP
patterns showed similar plasmid profiles between the urine
and rectal isolates of each pair.

Four different pilin sizes were detected, ranging from 18.7
to 19.7 kDa in size (Fig. 4). Pair 2 urine and rectal isolates
expressed pilin of different sizes, in agreement with DNA
hybridization, OMP, and plasmid profile results, indicating
that these two isolates were distinct. The urine isolate of pair
3 did not express pilin monomer, whereas the rectal isolate
expressed a 19.7-kDa monomer. This result is not consistent
with all other results shown in Fig. 4, which indicated that
the pair 3 urine and rectal isolates were very similar.
Another discrepancy can be seen with pair 4, in which pair 4
urine and rectal isolates expressed pilin subunits of different
size. These two apparent discrepancies are discussed below.
The urine isolates in the remaining five pairs each expressed
pilin monomers of similar size to their paired rectal isolates.

(iv) Binding specificities. One of the E. coli urine-rectal
pairs (pair 6) expressed a P adhesin, evidenced by aggluti-
nation of P latex beads (Fig. 4). All of the other isolates (with
the exception of the urine isolate of pair 3, which also failed
to express pilin) expressed what we have designated above
as an NS adhesin; agglutination of human RBCs was blocked
by pretreatment of the blood cells with neuraminidase.

Together, the results presented in Fig. 3 and 4 indicated
that in seven out of eight of the canine patients with UTIs
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analyzed, the E. coli strain infecting the urinary tract was a
predominant part of the intestinal E. coli flora.

DISCUSSION

The results presented in Fig. 2 indicated that very closely
related or identical E. coli with distinctive genotypic and
phenotypic properties could be isolated from both canine
and human patients with UTIs. Previous results indicated
that in families that own dogs and cats, some of the E. coli
electrophoretic types were shared between the human and
animal subjects (5). Further characterization of these shared
E. coli isolates was not pursued. Our results raise the
possibility that human-to-dog or dog-to-human transmission
of UTI occurs or has occurred in the recent past. An
alternative hypothesis is that E. coli strains causing canine
and human UTlIs are subject to similar biologic parameters
that select for a clonal population with the specific genotype
(and phenotype) that we observed. This hypothesis does not
seem as likely, since our results (Fig. 3 and 4) showed that E.
coli strains causing canine UTIs were heterogeneous with
respect to the chromosomal positions of pap, hly, and IS5, in
addition to their OMP and pilin phenotypes. Prospective
studies with human patients with UTIs who own dogs must
be conducted to determine if there is a class of human UTIs
that can be zoonotic.

All six human isolates that appeared to be closely related
to the canine isolates (Fig. 2) expressed the NS adhesin. It is
tempting to speculate that the E. coli expressing this NS
adhesin are able to bind to both human and canine uroepi-
thelial and intestinal epithelial cells. All but one of the eight
E. coli urine-rectal pairs expressed the NS adhesin pheno-
type (Fig. 4). In addition, 16 of 16 additional pap* E. coli
isolates from dogs, including the four isolates shown in Fig.
2, expressed the NS binding phenotype (unpublished
results). Dogs do not appear to express cell surface antigens
containing digalactoside (G. Schoolnik and D. Lark, per-
sonal communication) and thus might be refractory to colo-
nization by the majority of E. coli isolates from humans
which express Gal-Gal adhesin (36). Our results differ from
those obtained recently for canine UTI in which almost
one-half (16 of 33) of the E. coli UTI isolates expressed the
P adhesin, whereas only 8 of 33 expressed non-P adhesins
(49). We do not know the reason for this discrepancy,
although it is possible that there might be differential sus-
ceptibility of some canine breeds to infection with E. coli
expressing P adhesin.

It seems likely that the NS adhesin is encoded by a DNA
sequence with homology to pap since we found that almost
all canine E. coli UTI isolates that were pap™ were also NS
adhesin positive and expressed pili that cross-reacted with
anti-Pap pili antiserum (Fig. 4). The one exception was E.
coli isolate 3U, which was pap* and NS adhesin negative
and pili negative. However, the pap genes will have to be
cloned and transformed into pili- and adhesin-negative E.
coli to determine if they encode adhesin with NS specificity.

The data presented here (Fig. 3 and 4) support the con-
clusion that, in many cases, colonization of the urinary tracts
of dogs by E. coli was accompanied by intestinal coloniza-
tion by the same uropathogen. However, two assumptions
must be made in order for this conclusion to be valid. The
first assumption is that rectal swabs provided a good estima-
tion of the intestinal flora. Supportive evidence for this has
been reported previously (4). The second assumption is that
there was not any contamination of the rectal sample with
urine. This is a potentially serious problem with human
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female patients. However, the anatomy and posture of the
dog (especially for male dogs) makes cross-contamination
highly unlikely, especially after cleansing of the anal region
prior to taking a rectal sample.

The colonization that we observed must have been exten-
sive, since only a single E. coli isolate was chosen at random
for analysis from the rectum of each dog, and in seven out of
eight instances, the rectal E. coli appeared identical or nearly
identical to the E. coli isolated from the bladder. Both dogs
and humans normally carry a diverse population of intestinal
E. coli strains which have been classified as either transient
or resident strains on the basis of the number of times these
strains can be isolated over a period of time (4, 6). Most of
this diversity appears to be generated by incoming strains,
rather than recombination between strains residing within a
single host (4). We do not know if the bladder or intestine (or
some other site) is colonized first by uropathogenic E. coli.
However, it appeared that by the time of infection of the
urinary tract of the dog the intestinal E. coli flora changed
dramatically as a result of takeover by the same uropatho-
genic E. coli colonizing the bladder.

In two dogs, we found one genotypic change (pairs 1 and
8 [Fig. 4]), and in one dog, we found one phenotypic change
(pair 4) between the paired urine and rectal isolates. The
urine isolate of pair 1 lacked a DNA fragment hybridizing to
IS5, and the urine isolate of pair 8 contained an additional
DNA fragment hybridizing to the pap DNA probe. The urine
and rectal isolates of pair 4 expressed different size pilin
monomers. It is possible that the genotypic and phenotypic
changes observed occurred in transit from the intestine to
the bladder or vice versa. Alternatively, these changes might
have occurred after isolation of the bacteria from the dogs.
Similar genetic changes have been observed to occur in stab
cultures stored for long periods of time (17). In any case,
these results suggest that pap is (or was recently) a moveable
genetic element similar to insertion sequences and transpo-
sons. This would explain the diverse array of pap locations
found in the E. coli strains analyzed here.

Finally, the results that we present here suggest the
possibility that humans, as well as dogs, may be intestinally
colonized with the same uropathogenic E. coli that is causing
infection of the urinary tract in that patient. If this is correct,
then at least some UTIs in humans should be viewed not as
an isolated infection of the urinary tract but as an infection of
the intestinal tract as well. In addition, previous results have
suggested that colonization of the vaginal introitus may
precede bladder colonization (11, 44). The definition of the
host factors that determine susceptibility to both intestinal
and urinary tract colonization is one area of research that
needs further exploration. Previous work has indicated that
the epithelial cell receptors for bacterial adhesins might play
some role in susceptibility to UTIs (7, 11). It will be
important to determine what role, if any, intestinal coloni-
zation plays in the initiation of human UTIs and what factors
determine the susceptibility of a host to colonization by
uropathogenic E. coli.
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